The glutamate receptor ␦2 (GluR␦2) subunit is selectively expressed in cerebellar Purkinje cells and plays an important role in cerebellar long-term depression, motor learning, motor coordination, and synapse development. We identified a novel GluR␦2-interacting protein, named Delphilin, that contains a single PDZ domain and formin homology (FH) domains FH1 and FH2 plus coiled-coil structure. As far as we know, this is the first reported protein that contains both PDZ and FH domains. Yeast two-hybrid and surface plasmon resonance (SPR) analyses indicated that Delphilin interacts with the GluR␦2 C terminus via its PDZ domain. This was also supported by coimmunoprecipitation experiments using a heterologous expression system in mammalian cells. Yeast cell and SPR analyses also demonstrated the possibility that the FH1 proline-rich region of Delphilin interacts with profilin, an actin-binding protein, and with the Src homology 3 domain of neuronal Src protein tyrosine kinase. In situ hybridization demonstrated the highest expression of Delphilin mRNA in Purkinje cells. Delphilin polypeptide was highly enriched in the synaptosomal membrane fraction of the cerebellum and coimmunoprecipitated with the GluR␦2 subunit. The post-embedding immunogold technique demonstrated that Delphilin is selectively localized at the postsynaptic junction site of the parallel fiber-Purkinje cell synapse and colocalized with GluR␦2. Thus, Delphilin is a postsynaptic scaffolding protein at the parallel fiber-Purkinje cell synapse, where it may serve to link GluR␦2 with actin cytoskeleton and various signaling molecules.
Glutamate receptor (GluR) channels play major roles in fast excitatory synaptic transmission. The ␦ subfamily of GluR channel subunits consists of two (␦1 and ␦2) subunits and is positioned between the NMDA and non-NMDA receptor channel subunits with respect to the amino acid sequence (Yamazaki et al., 1992; Araki et al., 1993; Lomeli et al., 1993) . Thus far, the GluR␦2 subunit has not been shown to bind glutamatergic ligands, and no GluR channel activity was detected when it was expressed in Xenopus oocytes or mammalian cells, even in combination with other GluR channel subunits.
The GluR␦2 subunit is selectively expressed in Purkinje cells (Araki et al., 1993) , which receive two excitatory inputs, one from the parallel fibers of cerebellar granular cells and the other from the climbing fibers of the inferior olivary nucleus. Early in development, the GluR␦2 is distributed both in parallel fiber-and climbing fiber-Purkinje cell synapses but becomes restricted to the parallel fiber synapses according to postnatal maturation (Takayama et al., 1996; Landsend et al., 1997; Zhao et al., 1998) . Cerebellar long-term depression (LTD) in parallel fiber-Purkinje cell neurotransmission is produced by combined stimulation (simultaneous or costimulation) of both parallel and climbing fiber synapses on the Purkinje cells (Ito, 1989; Linden and Connor, 1995) . Knock-out mice lacking the GluR␦2 gene showed perturbation in the parallel fiber synapse formation and in the elimination of surplus climbing fibers (Kashiwabuchi et al., 1995) . Analyses of the gene knock-out mice further revealed that Glu␦2 plays an important role in motor learning, motor coordination, and induction of LTD in parallel fiber-Purkinje cell neurotransmission (Kashiwabuchi et al., 1995; Hirano, 1996; Kurihara et al., 1997) . Studies using antisense oligonucleotides (Hirano et al., 1994; Jeromin et al., 1996) also showed involvement of GluR␦2 in the LTD. Recently, neurodegeneration in Lurcher mice was reported to be caused by a gain-of-function mutation in the GluR␦2 gene (Zuo et al., 1997) , and channel properties of receptors with the Lurcher mutation have been investigated (Kohda at al., 2000; Taverna et al., 2000; Wollmuth et al., 2000) .
Effective neurotransmission requires the precise localization of the neurotransmitter receptors on the proper postsynaptic membranes (Scannervin and Huganir, 2000) . Postsynaptic density (PSD) is a dense thickening of submembranous cytoskeleton on the postsynaptic membrane, at which various ionotropic receptors are localized with their interacting molecules. PSD-95/synapseassociated protein-90 (SAP-90) and its family proteins, which interact with NMDA receptor channel subunits and Shaker-type potassium channels, have been identified as molecules that function in the accumulation, clustering, and signaling of the receptors. The common feature of these postsynaptic proteins is that they have PSD-95/Dlg/ZO-1 (PDZ) modular domains for protein-protein interaction. PDZ domains of these proteins directly recognize the C termini of their target proteins and are believed to play a central role in targeting and clustering of receptors to proper synaptic membranes (Sheng and Pak, 1999) . Quite recently, it has been reported that PDZ domain-containing proteins, such as PSD-93 protein (Roche et al., 1999) and proteintyrosine phosphatase PTPMEG (Hironaka et al., 2000) , interact with GluR␦2 subunit. We report here a novel PDZ protein, named Delphilin, that interacts with GluR␦2 and is selectively targeted to a postsynaptic site of parallel fiber-Purkinje cell synapses, where it is colocalized with GluR␦2.
MATERIALS AND METHODS
Yeast two-hybrid e xperiments and librar y screening. Yeast two-hybrid studies were generally performed using the M ATCHM AK ER T wo-Hybrid System 2 (C lontech Laboratories, Palo Alto, CA). Briefly, the bait polypeptides were f used to the yeast GAL4 DNA-binding domain in the vector pAS2-1 and introduced into Y190 yeast cells harboring the reporter genes HIS3 and ␤-galactosidase under control of the upstream GAL4 recognition sites. The bait used for library screening consisted of amino acid (aa) residues from 963 to the C terminus of the mouse GluR␦2 subunit. Construction was performed by PCR with proof reading polymerase pf u (Stratagene, La Jolla, CA), and the nucleotide sequence was confirmed by sequencing. Primers for PCR amplification were agccatgggcggcggcccttttaggcacagggctcc and gcgaattctcatatggacgtgcctcggtc. A mouse brain cDNA library (C lontech Laboratories) constructed in the pAC T2, which adds GAL4 transcription activation domain to the polypeptide encoded by the insert, was subsequently introduced into the Y190 already harboring the bait plasmid. The number of independent clones that were screened was ϳ2 ϫ 10 6 . Isolated clones were verified by yeast two-hybrid system to activate reporter genes specifically with the bait plasmid and not with the pAS2-1 empty vector or a recombinant pAS2-1 containing unrelated human protein, lamin C (Bartel et al., 1993) . It was also confirmed that the isolated library plasmid alone does not directly activate the reporter genes. Yeast growth selection on synthetic dropout media and ␤-galactosidase assays with filter membranes were performed in strict accord with the manufacturer's protocol (C lontech Laboratories).
cDNA cloning and Northern blot anal ysis. Poly(A) RNA was isolated from adult BAL B/c mouse cerebellum, and both oligo-dT-primed and random hexanucleotide-primed cDNA libraries were constructed in gt10 or gt11 phages. The insert of the original two hybrid clone MB2 (see details in Results) was labeled with P 32 and used for conventional screening as a probe. Each cDNA library was screened for ϳ8 ϫ 10 5 plaques. The longest clones from each screening, clone 10-1 from the random-primed library and clone 9-2 from the dT-primed library, were subjected to nucleotide sequencing for both strands. These two clones overlapped and together covered the putative entire protein coding region and the 3Ј terminus with a poly(A) tail.
The transcriptional start site of the gene was determined by the cap site hunting method (Murata and Yamaguchi, 1999) with mouse brain cap site cDNA (Nippon Gene, Toyama, Japan) according to the manufacturer's instructions. Briefly, cap site cDNA of mouse brain was constructed by removing the mRNA cap with tobacco acid pyrophosphatase and ligating oligoribonucleotides (r-oligos) of a known sequence to the decapped mRNA end with T4 RNA ligase. The first-strand cDNA was synthesized with random primers, followed by the gene-specific PCR amplification with the primer of the sequence identical to the ligated r-oligo and a gene specific downward primer (gaccctgcgacaccacctcgtcgaa).
Total RNAs were isolated from various tissues of adult BAL B/c mice and subjected to Northern blot analysis. An 850 bp fragment corresponding to the entire sequence of the MB2 clone was labeled with P 32 and used as a probe.
Plasmids for yeast two-hybrid studies. cDNA fragments encoding C -terminals of the GluR␦2 mutants and a wild-type GluR␦1 in pAS2-1 DNA-binding domain plasmid were prepared by PCR as described above. PCR primers for the C -terminal tail of the GluR␦1 subunit were agccatgggcggcattcagtgcaaacacaggtcg and gcgaattctcagatggaggtgccatgagag. The common 5Ј-side primer for the GluR␦2 mutants was agccatgggcggcggcccttttaggcacagggctcc. The 3Ј primers were (1) for the mutant without the C -terminal isoleucine, gcgaattctcaggacgtgcctcggtcggggt; (2) for the mutant without isoleucine and serine, gcgaattctcacgtgcctcggtcggggtcatt; (3) for the mutant without isoleucine, serine, and threonine, gcgaattctcagcctcggtcggggtcattgc; (4) for the mutant without isoleucine, serine, threonine, and glycine, gcgaattctcatcggtcggggtcattgccca; and (5) for the mutant having an alanine residue instead of the C -terminal isoleucine, gcgaattctcaagcggacgtgcctcggtcggggt. cDNA fragments encoding the mouse neuronal Src (n-Src) SH3 domain and the rat PSD-93 Src homology 3 (SH3) domain in pAS2-1 were amplified by reverse transcriptase (RT)-PCR using mouse and rat RNAs of brain as templates, respectively. Primers for n-Src SH3 were ctagaattcccggtggggtgaccaccttt and gatctcgagttaggagtcggagggcgccacat. Primers for PSD-93 SH3 were ctagaattcagaaacgctccctgtat and gatctcgagttaggcacgctcctttctttcca. For the mouse profilin I entire coding region in pAS2-1, a PCR was done with primers cagaattcaggggcggcatggccgggtggaacgcctac and gactcgagtcagtactgggaacgccgcagg using a mouse expression sequence tagged (EST) clone 1095742 plasmid (GenBank accession number AA869045) as a template. A corresponding pAS2-1 plasmid for the mouse profilin II was also made by a PCR with primers cagaattcagggcggcatggccggttggcagagctac and gactcgagctagaacccagagtctctcaag using a mouse EST clone 464995 plasmid (GenBank accession number AA032658) as a template.
Biosensor measurements. Surface plasmon resonance measurements using analytes and ligands were performed on a BIAcore 2000 (BIAcore AB, Uppsala, Sweden). Analytes for the measurements were prepared as glutathione S-transferase (GST) f usion proteins using the Escherichia coli expression vector pGEX-4T-2 (Amersham Biosciences, Arlington, IL). The coding region of the Delphilin PDZ domain was prepared by PCR with primers containing the sites for EcoRI or XhoI restriction endonucleases (cgagaattccggcaacctcgctgctg and gctctcgagtcacagagaatctgaatc, respectively) using the clone MB2 as the template. After digestion with EcoRI and XhoI, the PCR product was subcloned into the corresponding position of the pGEX-4T-2 multiple cloning site in frame. The entire coding region for mouse profilin II was obtained from the corresponding pAct2 plasmid, prepared for the yeast two-hybrid assay as an EcoRI-XhoI fragment, and subcloned into the pGEX-4T-2 in frame. E. coli DH5 or BL21 were transformed with the pGEX-4T-2 plasmids, and the soluble fraction of each GST f usion protein was affinity-purified with the glutathione Sepharose 4B (Amersham Biosciences) according to the manufacturer's protocol. Ligands for the measurements were prepared as synthetic peptides. The GluR␦1 and GluR␦2 C -terminal eight-residue peptides (DTSHGTSI and DPDRGTSI, respectively) were synthesized (Peptide Synthetizer PSSM-8; Shimadzu Corporation, Kyoto, Japan), purified by reversed-phase HPLC, and immobilized on a C M5 research grade sensor chip with amine coupling to a density of 472 and 496 resonance units (RUs), respectively. The Delphilin F H1 domain peptide (aa residues 563-627), with a cysteine residue elongated to the N terminus, was also synthesized, purified by HPLC, confirmed by amino acid sequencing (Peptide Sequencer PPSQ-21, Shimadzu Corp.) and immobilized on a C M5 research grade sensor chip with ligand thiol coupling to a density of 1402 RUs. The sensor chip was equilibrated with running buffer [10 mM H EPES, pH 7.4, 150 mM NaC l, 3 mM EDTA, 0.005% (v/ v) Surfactant P20]. GST and GST f usion proteins were diluted in the running buffer at different concentrations and injected at a 20 l /min flow rate. The surface regeneration was performed by 20 l injections of 10 mM NaOH at a 20 l /min flow rate. All experiments were performed at 25°C. Data were analyzed with the BIAevaluation program 3.0 (BIAcore).
Construction of e xpression vectors, transfection into human embr yonic k idney 293T cells, and immunoprecipitation. The 3.1 kb NaeI-EcoRI fragment of pK F3-MB2, which contains the entire coding region of Delphilin, and the 5.4 kb KpnI-EcoRI fragment of pcDNA3.1-Myc-His (Invitrogen) were ligated to yield pcDNA3.1-Delph-Myc-His. The 0.1 kb EcoRI-SmaI fragment of pZ eo-SV2-MB2 f used to hemagglutinin (HA)-tag sequence by PCR using primers 5Ј-C TGCAGCGAGAGGCCATG GAGG-3Ј and 5Ј-TTTCCCGGGTTAAGCGTAGTC TGGGACGTCG-TATGGGTACCAGGCCAGGGGTGACACCAT-3Ј was inserted into the 8.4 kb EcoRI-PmeI fragment of pcDNA3-Delph-Myc-His to yield pcDNA3-Delph-HA, the expression vector for C -terminally HA epitopetagged Delphilin. pFL AG-␦2 (expression vector for amino-terminally FL AG-tagged GluR␦2) and pFL AG-␦2⌬1 (expression vector for aminoterminally FL AG-tagged GluR␦2⌬1) were constructed previously (Matsuda and Mishina, 2000) .
Human embryonic kidney (H EK)293T cells were maintained in DM EM supplemented with 10% fetal calf serum, 100 U/ml penicillin, and 100 g /ml streptomycin at 37°C under 5% C O 2 . H EK293T cells (2 ϫ 10 6 cells per 10 cm dish) were transfected with pcDNA3-Delph-HA and either pFL AG-␦2 or pFL AG-␦2⌬1 by the standard calcium phosphate method. Immunoprecipitation studies were performed essentially as described (Hironaka et al., 2000) . T wo days after transfection, cells were lysed in TN E buffer (50 mM Tris-HC l, pH 7.5, 1% Nonidet P-40, 5 mM EDTA, 145 mM NaC l) containing 100 M phenylmethylsulfonyl fluoride, 1 g /ml aprotinin, 1 g /ml leupetin, and 1 g /ml pepstatin A. Insoluble fraction was excluded by centrif ugation at 15,000 rpm for 10 min, and the supernatants were precleared by protein G Sepharose 4 Fast Flow (Amersham Biosciences) for 1 hr at 4°C. The precleared lysates were used for coimmunoprecipitation by incubation with anti-FL AG M2 antibodies (Sigma, St. L ouis, MO), rabbit anti-HA antibodies (Santa Cruz Biotechnology, Santa Cruz, CA), normal mouse IgG or normal rabbit IgG (Santa Cruz Biotechnology) for 1 hr at 4°C. The complexes were precipitated by incubation with protein G Sepharose for 1 hr at 4°C. The immunoprecipitates were washed six times with TN E buffer, eluted with sample buffer. Proteins in the cell lysates and immunoprecipitates were separated on SDS-polyacrylamide gels and transferred to nitrocellulose membranes. After blocking with 5% skim milk in TBST (0.1% T ween 20 in Tris-buffered saline, pH 7.6), the blots were probed with anti-FL AG antibody or anti-HA antibody in TBST for 1 hr. The membranes were then washed with TBST and incubated with horseradish peroxidaseconjugated anti-mouse or anti-rabbit IgG (Amersham Biosciences) for 1 hr. The proteins were imaged with an ECL chemoluminescence detection system (Amersham Biosciences).
In situ hybridization. Under pentobarbital anesthesia at a lethal dose, brains of the adult C57BL mouse were freshly removed from the skull and frozen in powdered dry ice. Fresh-frozen sections were prepared and mounted on glass slides precoated with 3-aminopropyltriethoxisilane (Sigma). T wo nonoverlapping antisense oligonucleotides were synthesized as a hybridization probe. The sequence was ACGGCACAGC TT-GCCCAGCAGACCC TGCGACACCACC TCGTCGAA (complementary to nucleotide residues 100 -144) and GC TGC TGGC TGAAGG-TCC TCCCC TGGAC TCGGATAC TGGAAGGCA (624 -668). They were labeled with 35 S-dATP to a specific activity of 0.5 ϫ 10 9 dpm /g DNA, using terminal deoxyribonucleotidyl transferase (BRL, Bethesda, MD). Procedures for in situ hybridization have been reported previously (Watanabe et al., 1993) . Sections were exposed to x-ray film (Hyperfilm-␤ max; Amersham Biosciences) for 2 weeks, or to nuclear track emulsion (N TB-2, Kodak, Rochester, N Y) for 1 month.
Antibodies. Rabbit anti-GluR␦2 antibody has been described previously (Araki et al., 1993) . Guinea pig anti-mouse Delphilin antibody was produced against aa residues 8 -227. The antigen polypeptide was expressed as a GST f usion protein, using pGEX-4T-2 plasmid vector (Amersham Biosciences, Uppsala, Sweden) and E. coli BL21. After removal of the GST-tag with thrombin, antigen polypeptide (100 g) emulsified with Freund's complete adjuvant (Difco Laboratories, Detroit, M I) was injected subcutaneously into female guinea pigs at intervals of 2 weeks. From antisera sampled 2 weeks after the sixth injection, immunoglobulins specific to Delphilin were affinity purified using the f usion protein coupled to cyanogen bromide-activated Sepharose 4B (Amersham Biosciences).
Synaptosomal plasma membrane preparation, immunoprecipitation, and Western blotting. Synaptosomal plasma membranes were prepared essentially according to the procedures described previously (Blackstone et al., 1992; Lau et al., 1996) . All procedures were performed at 4°C, and all buffers included protease inhibitors of 1 mM methanesulfonyl fluoride hydrochloride, 1 g /ml pepstatin A, 2 g /ml aprotinin, and 0.5 g /ml leupeptin. Briefly, adult BAL B/c mouse brain tissue was homogenized in H EPES-buffered 0.32 M sucrose (0.32 M sucrose, 4 mM H EPES, pH 7.4), and after removal of the nuclear fraction the homogenate was centrif uged at 9000 ϫ g for 15 min at 4°C. The supernatant was kept as the soluble fraction. The pellet was washed once with H EPES-buffered 0.32 M sucrose and then lysed by hypo-osmotic shock in water. The resultant lysate was centrif uged at 25,000 ϫ g for 20 min, and the pellet was suspended in H EPES-buffered 0.25 M sucrose. The suspension was then fractionated in a discontinuous gradient containing 0.8 M/1.0 M/1.2 M sucrose. The resulting 1.0 M/1.2 M sucrose interface was collected as the synaptosomal plasma membrane fraction. Immunoprecipitation studies were performed as described by Lau et al. (1996) , with minor modifications. In brief, 300 g of synaptosomal plasma membrane was first solubilized in 2% SDS in immunoprecipitation buffer (150 mM NaC l, 20 mM H EPES, pH 7.4, 5 mM EDTA, 5 mM EGTA, and protease inhibitors described above) for 10 min at room temperature and then diluted with 5 vol of cold 2% Triton X-100 in immunoprecipitation buffer. The solubilized membranes were then incubated with protein A-Sepharose (Amersham Biosciences) and 5 l of the anti-GluR␦2 antiserum or preimmune serum for 3 hr at 10°C. The reaction mixtures were washed once with 1% Triton X-100, twice with 1% Triton X-100 containing 500 mM NaC l, and finally three times with immunoprecipitation buffer. The proteins were eluted from protein A-Sepharose by Laemmli sample buffer, separated by SDS-PAGE, and transferred to a poly vinylidene difluoride membrane. The membrane was probed with guinea pig antiDelphilin antiserum. An HRP-conjugated secondary antibody and ECL chemoluminescence (Amersham Biosciences) were used for visualization of the signals.
Immunohistochemistr y for brain sections. Using adult mouse brains (2 months of age) fixed transcardially with 4% paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7.2, paraffin (5 m) and microslicer (50 m) sections were prepared for immunoperoxidase or immunofluorescence. Before immunohistochemical incubations, all sections were subjected to protease pretreatment, because we found that this method was very effective for immunohistochemical detection for Delphilin and GluR␦2 subunit as well as for NMDA receptor subunits (Watanabe et al., 1998) . Briefly, both paraffin and microslicer sections on glass slides were dipped in 1 mg /ml of pepsin (Dako, C arpinteria, CA)/0.2N HC l at 37°C for 10 min. Without the pepsin treatment, no immunoreactivity appeared at the antibody concentration adopted in the present study. For immunoperoxidase, sections were incubated successively with the primary antibody (0.3-0.5 g /ml) overnight, biotinylated secondary antibodies for 2 hr, and avidin -biotin -peroxidase complex for 30 min, using a Histofine SAB-PO kit (Nichirei Corporation, Tokyo, Japan). The immunoreaction was visualized with 3,3Ј-diaminobenzidine. For immunofluorescence, microslicer sections were incubated with a mixture of guinea pig antiDelphilin antibody and rabbit anti-GluR␦2 antibody (1 g /ml for each). Immunoreaction was visualized by a 2 hr incubation with C y3-or FI TC -labeled secondary antibody (1:200) (Jackson ImmunoResearch, West Grove, PA).
Electron microscope immunoc ytochemistr y using post-embedding immunogold. For post-embedding immunogold analysis, adult mice (2 months of age) were perf used transcardially with 4% paraformaldehyde/0.1% glutaraldehyde in 0.1 M phosphate buffer (PB), pH 7.2. Parasagittal cerebellar sections (400 m in thickness) were prepared on a microslicer (V T1000S; Leica, Nussloch, Germany), cryoprotected with 30% glycerol in 0.1 M PB, and frozen rapidly with liquid propane in a Leica EM C PC unit (Vienna, Austria). Frozen sections were immersed in 0.5% uranyl acetate in methanol at Ϫ90°C in a Leica AFS freeze-substitution unit (Vienna, Austria), infiltrated at Ϫ45°C with L owicryl HM-20 resin (L owi, Waldkraiburg, Germany), and polymerized with UV light. Ultrathin sections were mounted on nickel grids precoated with neoprene W (Nisshin EM, Tokyo, Japan). After etching with saturated sodium ethanolate solution for 3 sec, they were treated successively with 1% human serum albumin (Wako, Osaka, Japan) in TBS (HTBS), pH 7.5, for 1 hr, guinea pig anti-Delphilin antibody (10 g /ml) in HTBS for 3 hr, and colloidal gold (10 nm)-conjugated anti-guinea pig IgG (1:100; British Bio C ell International, C ardiff, UK) in HTBS for 1 hr. For double immunogold labeling, grids were incubated first with a mixture of guinea pig anti-Delphilin antibody and rabbit anti-GluR␦2 antibody (10 g /ml for each), and then with a mixture of colloidal gold (15 nm)-conjugated anti-guinea pig IgG and colloidal gold (10 nm)-conjugated anti-rabbit IgG (1:100 for each; British Bio C ell International). Finally, grids were stained with uranyl acetate for 15 min and examined with an H-7100 electron microscope (Hitachi, Tokyo, Japan). For quantitative analysis, immunogold particles at Purkinje cell synapses were counted on electron micrographs. In addition, subsynaptic distribution was examined in the perpendicular and tangential axes of Purkinje cell synapses, as reported previously (Landsend et al., 1997) . Using images digitized on a scanner and N IH Image software (Version 1.61), perpendicular synaptic localization of gold particles was evaluated by measuring the distance between the midline of the synaptic cleft and the center of each gold particle. The tangential synaptic localization was evaluated by measuring the distances from the center of postsynaptic density to the center of each gold particle and to the edge of the postsynaptic density.
RESULTS

Isolation of Delphilin, which binds the cytoplasmic tail of the GluR␦2 subunit and contains a PDZ domain and formin homology domains
Various studies to demonstrate ion channel activity or ligands for the GluR␦2 subunit have been performed, but without success. We speculated that identification of proteins interacting with the cytoplasmic region of the subunit might provide good clues to understanding its physiological functions. We screened a mouse brain cDNA library by the yeast two-hybrid system, using the C-terminal 45 aa residues of the subunit as bait. From 2 ϫ 10 6 independent clones, 14 clones were finally graduated from the verification experiments described in Materials and Methods. The nucleotide sequence of the longest clone (designated clone MB2) among four overlapping ones was determined. A BLAST search against the databases demonstrated that the clone could encode 350 aa residues of a novel sequence containing a PDZ domain resembling those of PSD-95/SAP-90 family proteins of membrane-associated guanylate kinases, such as PSD-95 or Chapsyn110/PSD-93. The insert of the clone MB2 was used as a probe for conventional screening of a phage cDNA library made of adult mouse cerebellum. Nucleotide sequencing analyses of two overlapping clones (designated clone 10-1 and 9-2) and the cap site cDNA clone obtained by the cap site hunting method (Murata and Yamaguchi, 1999) together disclosed a cDNA sequence of a 3495 base pair (Fig. 1 A) . The nucleotide sequence around an ATG at nucleotide 55 corresponded well to Kozak's consensus sequence for translation initiation (Kozak, 1987) and was followed by a long open reading frame for 1024 aa residues (Fig. 1 B) . Although the nucleotide sequence upstream of the ATG does not contain in-frame stop codons, we considered it as the translation initiation codon because of our analysis of its transcriptional start site by the cap site hunting method (see details in Materials and Methods). The putative 3Ј untranslated region has an AATAAA polyadenylation signal followed by a poly(A) tail at 50 bp downstream from the signal. The encoded protein was designated as Delphilin (for Delta2-philic-protein) with a predicted molecular weight of 112,577. The nucleotide sequence of Delphilin cDNA has been deposited in GenBank under the accession number AF099933. The predicted PDZ domain of Delphilin is located from aa residue 88 to residue 163 (Figs. 1 B, C) . The PDZ domain of Delphilin was most homologous to that of regulator of G-protein signaling 12 (Snow et al., 1997) , with 36% identity (Fig. 2 A) . Roche et al. (1999) reported that the PDZ domains of PSD-93/Chapsyn-110 or PSD-95 bind to the C terminus of GluR␦2, and the PDZ domains -1, -2, and -3 of rat PSD-93 (Brenman et al., 1996) (GenBank accession number U50717) showed 28, 24, and 24% identity to that of Delphilin, respectively (Fig. 2 A) . The Delphilin PDZ domain is considered a class I PDZ domain (Daniels et al., 1998) because it has a polar residue histidine as the first residue of the ␣-helix B (Fig. 2 A) . In addition to a PDZ domain, BLAST searches further identified a region in Delphilin showing homology to proteins containing the FH domain, such as formins (Woychik et al., 1990; JacksonGrusby et al., 1992) , Diaphanous (Castrillon and Wasserman, 1994) , or Bni1p (Evangelista et al., 1997 ) (for review, see Frazier and Field, 1997) . By multiple alignment with amino acid se- quences of these proteins, residues 777-907 of Delphilin was recognized as FH2, first described by Castrillon and Wasserman (1994) (Fig. 2 B) . There was a proline-rich region of 63 aa residues at 151 residues N-terminal to the FH2 domain (Figs. 1C, 2C ). This region was considered to be FH1, usually accompanied by the FH2 domain. Although most FH domains are known to have two independent coiled-coil structures in the regions flanking the FH1 and FH2 domains, Delphilin demonstrated a single coiledcoil only at the C-terminal to the FH2 domain. A recently identified FH3 domain (Petersen et al., 1998) was not found in Delphilin. The schematic domain structure of Delphilin is presented in Figure 1C . In addition to the coiled-coil structure, Delphilin has a cysteine residue at the N-terminal third aa position as another possible tool for homomultimerization. The surrounding sequence of the cysteine residue resembles that of a palmitoylated cysteine residue of G␣s protein (Milligan et al., 1995) . In the case of PSD-95, cysteine residues at the third and fifth aa positions are reported to be involved in palmitoylation (Topinka and Bredt, 1998) or disulfide bond formation (Hsueh et al., 1997; Hsueh and Sheng, 1999) . These modifications may be required for cell membrane association or head-to-head homomultimerization of PSD-95. The cysteine residue of Delphilin is a potential candidate for palmitoylation or may form a disulfide bond for homodimerization.
Specific interaction of Delphilin with GluR␦2 protein at its C terminus through the unique PDZ domain
The clone MB2, the original clone picked up by our yeast twohybrid screening, contains the single PDZ domain of Delphilin. Because a PDZ domain is a binding motif generally recognizing the C terminus of its target proteins (Saras and Heldin, 1996) , we assayed Delphilin interaction with various C-terminal mutants of the GluR␦2 subunit by using the clone MB2. The results of yeast two-hybrid studies are summarized in Table 1 . All of the GluR␦2 mutants lacking their C-terminal -GTSI, -TSI, -SI or -I residues completely lost the ability to activate reporter genes, HIS3 and ␤-galactosidase. A mutant, which has an alanine as the C-terminal residue replaced for a isoleucine, also completely lost the interaction in yeast cells. These results indicate that the PDZ domain of Delphilin is the binding motif for the C terminus of GluR␦2. Although the GluR␦1 subunit, the other subunit of the GluR␦ subfamily, has four C-terminal residues GTSI-COOH completely identical to those of GluR␦2, the Delphilin PDZ appeared not to interact with the GluR␦1 C terminus (Table 1) .
We further confirmed this by surface plasmon resonance analyses, which effectively monitor interactions between molecules in real time. In these experiments, a solution of a GST fusion protein of Delphilin PDZ was passed over two flow cells: one immobilized with the GluR ␦2 C-terminal eight-residue peptide (DPDRGTSI) and one with the GluR␦1 corresponding peptide 
Yeast two-hybrid experiments using Delphilin clone MB2 as a bait and various constructs related to ␦ family subunit C-terminal 45 residues as preys (see Materials and Methods) were performed. ϩ indicates that yeast growth on the plate without histidine (HIS selection assay) or blue color (␤-galactosidase assay) was observed; Ϫ indicates failure to detect them. wt, Wild type. Figure 2 . The PDZ and FH domains of Delphilin. A, Alignment of the PDZ domain of Delphilin with the known PDZ domains. The secondary structure elements of six ␤ sheets and two ␣ helices are boxed and indicated as ␤A-F and ␣A and ␣B, respectively, according to Doyle et al. (1996) . The sequences used for the alignment are as follows: PDZ domain of Delphilin (residues 88 -165), RGS12 (residues 20 -97 from rat regulator of G-protein signaling 12), 93PDZ-1, -2, and -3 (residues 97-182, 192-297, and 420 -501 from rat PSD-93 corresponding to the PDZ-1, -2, and -3 domains, respectively), and 95PDZ-1 and -3 (residues 64 -151 and 312-393 from mouse PSD-95 corresponding to the PDZ-1 and PDZ-3, respectively). Histidine residues at the first position of the ␣-helix B are boldface. B, Alignment of selected FH2 domains from Diaphanous (Castrillon and Wasserman, 1994) , Bni1p (Sen-Gupta et al., 1996) , mouse ForminVI (Jackson-Grusby et al., 1992), cell division control protein 12 (CCP12) (Chang et al., 1997) , and cell fusion protein (FUS1) (Petersen et al., 1995) with the putative FH2 domain of Delphilin. Amino acid residues conserved in more than three proteins are shown in boldface. Dots at the top of the alignment demonstrate invariant residues. C, FH1 domain of Delphilin. Prolines are shown in boldface, and two PPLP motifs are boxed.
(DTSHGTSI). Binding of the control GST protein itself to the GluR␦2 peptide or to the GluR␦1 peptide was not detected (data not shown). The Delphilin PDZ exhibited a specific binding to the GluR ␦2 C-terminal peptide but showed little, if any, binding to the GluR␦1 C-terminal peptide. From the data in Figure 3 , the dissociation constant (K D ) value of the Delphilin PDZ for the GluR ␦2 C-terminal peptide was calculated to be 22.6 M (k a ϭ 3.2 ϫ 10 3 M Ϫ 1 sec Ϫ 1 and k d ϭ 7.25 ϫ 10 Ϫ 2 sec Ϫ 1
). The binding of Delphilin PDZ to the GluR␦2 peptide analog lacking C-terminal isoleucine or having an alanine replacing an isoleucine as the C-terminal residue was not detected (data not shown), which is consistent with the results (Table 1) in yeast two-hybrid analyses. From these results, it appears that the PDZ domain of Delphilin interacts directly with the C terminus of GluR␦2 and that amino acids Ϫ6 to Ϫ4 of the C terminus may critically contribute to the binding.
Interaction of Delphilin with GluR␦2 in HEK293T cells
We examined the interaction of Delphilin and GluR␦2 proteins using a heterologous expression system. Immunofluorescence staining showed that HA-tagged Delphilin expressed in HEK293T cells distributed both on the cell surface and in the cytoplasm (data not shown). The distribution of FLAG-tagged GluR␦2 in HEK293T cells was similar to that of HA-tagged Delphilin. We observed no significant effects of coexpression on the intracellular distribution of the two proteins. Because the two proteins colocalized on the cell surface when expressed together, we examined the interaction of Delphilin and GluR␦2 proteins by immunoprecipitation. As shown in Figure 4 , immunoprecipitates from cell lysates with anti-HA antibody contained FLAG-tagged GluR␦2 proteins as well as HA-tagged Delphilin proteins (Fig.  4 B) . None of these proteins were present in immunoprecipitates with nonimmune control antibody. Consistently, immunoprecipitates from cell lysates with anti-FLAG antibody contained HAtagged Delphilin proteins as well as FLAG-tagged GluR␦2 proteins (Fig. 4 A) . These results showed that Delphilin and GluR␦2 proteins interacted with each other in HEK293T cells.
Deletion of the C -terminal seven amino acids of GluR␦2 did not affect the distribution pattern in H EK293T cells, as reported in Madin-Darby canine kidney (MDCK) cells (Matsuda and Mishina, 2000) . FL AG-tagged GluR␦2⌬1 (GluR␦2 mutant lacking C -terminal seven amino acids) proteins similarly distributed on the cell surface and in the cytoplasm when expressed together with HA-tagged Delphilin. However, immunoprecipitates from cell lysates with anti-HA antibody contained HA-tagged Delphilin proteins but no FL AG-tagged GluR␦2⌬1 proteins (Fig. 4 B) . Consistently, immunoprecipitates from cell lysates with anti-FL AG antibody contained FL AG-tagged GluR␦2⌬1 proteins but no HA-tagged Delphilin proteins (Fig. 4 A) . Thus, the C -terminal seven amino acids of GluR␦2 were indispensable for the interaction of Delphilin and GluR␦2 proteins in H EK293T cells.
Possible interaction of the Delphilin FH1 domain with profilins I and II, and with the SH3 domain of neuronal type Src
In addition to a PDZ domain, Delphilin harbors an FH1 domain followed by an FH2 domain and a coiled-coil structure. Although the functions of FH2 domains have not yet been elucidated, proline-rich sequences of the FH1 domain are known as binding sites for the WW/WWP domain, the SH3 domain, or profilins that function in actine assembly (for review, see Frazier and Field, 1997) . There is a possibility that Delphilin has some physiological function via this domain in addition to the interaction with the GluR␦2 subunit through the PDZ domain. Using the yeast two-hybrid system, we tested whether the Delphilin FH1 domain interacts with profilins I and II and with the SH3 domains of PSD-93 and n-Src (Table 2) . N-Src has been reported to be expressed in Purkinje cells (Sugrue et al., 1990) . We first performed the following control experiments. The plasmid expressing the Delphilin FH1 domain fused to the Gal4 DNA-binding domain did not activate reporter genes by itself or by coexpression with the plasmid expressing only the Gal4 transcription activation domain. However, the Delphilin FH1-expressing plasmid specifically activated the reporter genes when it was cotransfected with the plasmids expressing profilins I and II or the n-Src SH3 domain fused to Gal4 transcription activation domain, indicating that the Delphilin FH1 domain interacted with profilins I, II, and the n-Src SH3 domain in yeast cells.
We further confirmed the interaction of the Delphilin FH1 domain with profilin II, which has been reported to be expressed at high levels only in the brain (Witke et al., 2001) , using surface plasmon resonance analyses to measure molecular interaction directly in real time (Fig. 5) . In these experiments, a solution of GST fusion protein of mouse profilin II was passed over the flow cell immobilized with the Delphilin FH1 domain peptide (Fig.  5A) . Binding of the control GST protein itself to the peptide was not detected (Fig. 5B) . From the data in Figure 5A , the dissoci- In situ hybridization of Delphilin mRNA in the adult mouse brain. B1 demonstrates a negative image of an x-ray film autoradiogram. B2 is a bright-field micrograph of emulsion-dipped cerebellar cortex. Note that Delphilin mRNA is concentrated in the cell body of cerebellar Purkinje cells (asterisks). Cb, Cerebellum; Cx, cerebral cortex; GL, granular layer; H, hippocampus; HT, hypothalamus; MB, midbrain; Me, medulla oblongata; ML, molecular layer; OB, olfactory bulb; Po, pons; T, thalamus. Scale bars: B1, 1 mm; B2, 10 m. 
Yeast two-hybrid experiments using Delphilin FH1 domain as a bait and profilin-1, profilin-2, and SH3 domains of PSD-93 and n-Src as preys (see Materials and Methods) were performed. See Table 1 ). From these results, it appears that the FH1 domain of Delphilin interacts directly and specifically with profilin II.
Tissue distribution of the Delphilin gene transcripts and in situ hybridization analysis for brain sections
Northern blot analysis for 8-week-old mouse tissues demonstrated a major (ϳ8.5 kb) and a minor (ϳ5.0 kb) transcript of Delphilin in the cerebellum (Fig. 6 A) . Weak but detectable expression was also observed in the cerebrum and the brainstem with both major and minor bands. Other organs including heart, lung, liver, kidney, spleen, skeletal muscle, and testis did not show any detectable signals even after a long exposure. To further localize the Delphilin gene transcripts in the brain, we performed in situ hybridization analysis. Using 35 S-labeled antisense oligonucleotide probe, distinct distribution of the Delphilin mRNA was revealed in the adult mouse brain (Fig. 6 B1) . The highest expression was detected in the cerebellum, where the cell bodies of Purkinje cells were strongly labeled (Fig. 6 B2) . Moderate levels were noted in various nuclei of the thalamus (Fig. 6 B1) . A longer exposure showed low transcription levels in several other regions: the olfactory granular layer, the lateral septal nuclei, and the brainstem motor nuclei, such as the facial nucleus, the hypoglossal nucleus, and the ambiguus nucleus (data not shown). These results correlated well with Northern blot analysis.
Western blot analyses and coimmunoprecipitation of Delphilin with GluR␦2 protein from cerebellar synaptic membrane fractions
Polyclonal guinea pig antibody was raised against a partial Delphilin polypeptide (corresponding to aa residues 8 -227), expressed in E. coli as a GST fusion protein. Western blot analysis with the antibody demonstrated a single ϳ135 kDa band from cerebellar homogenate (Fig. 7A ). An identical band was also obtained from homogenate prepared from COS-7 cells transfected with a Delphilin expression vector, which confirmed that the antibody actually recognizes Delphilin. The difference between the molecular size of Delphilin estimated from the data on the Western blotting and that calculated from the deduced amino acid sequence may be attributable to posttranslational modification of the protein, such as phosphorylation. The deduced Delphilin polypeptide sequence actually consists of multiple phosphorylation sites for protein kinase C and casein kinase II (data not shown). Delphilin protein in the cerebellum was highly enriched in the synaptosomal membrane fraction, but detectable immunoreactivity was also found in the soluble fraction. Samples from the cerebrum showed a very faint band of the same size as the cerebellar band in the synaptosomal membrane fraction (Fig.  7A) . Like proteins localized at PSD such as PSD-95/SAP90, SAP102, or various GluR subunits, Delphilin in cerebellar synaptosomal membrane fraction was resistant to solubilization by the nondenaturing detergents Triton X-100 and 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate. A part of Delphilin was solubilized by 1% deoxycholate and totally solubilized by 2% SDS solution (Fig. 7B) . Because the GluR␦2 subunit itself showed a similar solubility profile, Delphilin seemed to be localized at PSD together with GluR␦2. To confirm the colocalization of Delphilin and GluR␦2 in vivo, cerebellar synaptosomal membrane fraction was solubilized by 2% SDS and subjected to a coimmunoprecipitation experiment with a rabbit anti-GluR␦2 antiserum. Immunoprecipitation without the serum or with the preimmune serum did not precipitate Delphilin, but the anti-GluR␦2 antiserum coprecipitated Delphilin with a molecular size identical to that obtained in the Western blot analysis for a cerebellar synaptosomal membrane fraction (Fig. 7C) .
Colocalization of Delphilin with GluR␦2 protein in the cerebellum
The distribution of the Delphilin protein was examined by immunohistochemistry with the same polyclonal guinea pig antibody used in the Western analyses. Immunoperoxidase using parasagittal brain sections showed the highest immunoreactivity of Delphilin in the cerebellar molecular layer, with low levels in the thalamus (Fig. 8 A) . The spatial patterns were consistent with those obtained by in situ hybridization (Fig. 6 B) and were also similar to those of the GluR␦2 subunit specific to Purkinje cells (Fig. 8 B) . Double immunofluorescence with a confocal laser scanning microscope was adopted to compare their distribution in Purkinje cells (Fig. 8C-E) . The Delphilin antibody labeled tiny punctate structures in the neuropil of the cerebellar molecular layer (Fig. 8C) . In these structures, Delphilin was extensively colocalized with GluR␦2 (Fig. 8 D) , yielding numerous yellowish puncta (Fig. 8 E) . Weak Delphilin immunoreactivity was also detected inside the cell body and, very rarely, in stem dendrites of Purkinje cells. GluR␦2 was hardly detected at all in these two sites. These results strongly suggest that Delphilin is distributed in Purkinje cell synapses together with GluR␦2.
Delphilin is selectively targeted to the postsynaptic site of parallel fiber-Purkinje cell synapses
Synaptic distribution and localization of Delphilin were examined by post-embedding immunogold in the molecular layer of the adult mouse cerebellum (Fig. 9) . Immunogold labeling was concentrated at axospinous synapses in the molecular layer, suggesting the presence at the parallel fiber-Purkinje cell synapse or climbing fiber-Purkinje cell synapse, or both. Of the two synapses, Delphilin was detected at the parallel fiber synapse (Fig.  9A) , which was judged from a small terminal swelling (Ͻ1 m in diameter) that usually forms synaptic contact with a single spine. Double labeling with different gold particle diameters showed that Delphilin was colocalized with GluR␦2 at individual parallel fiber-Purkinje cell synapses (Fig. 9B) . In contrast, Delphilin was hardly detected at the climbing fiber synapse, which was judged by large terminal swelling that contains numerous synaptic vesicles and forms synaptic contact with multiple spines (Fig. 9C) . No specific labeling for Delphilin was found at axodendritic synapses, i.e., interneuron-Purkinje cell synapses. The distinct synaptic distribution of Delphilin was confirmed by counting gold particles (Fig. 9D) . The parallel fiber synapse had 1.490 Ϯ 1.070 particles per synapse (723 particles on 486 parallel fiber synapses), whereas the climbing fiber and interneuron synapses had 0.070 Ϯ 0.256 particles per synapse (6 particles on 85 climbing fiber synapses) or 0.024 Ϯ 0.154 particles per synapse (1 particle on 42 interneuron synapses), respectively. For the control experiment, we replaced anti-Delphilin antibody with normal guinea pig immunoglobulin, resulting in almost blank labeling. These results indicate that Delphilin is targeted selectively to Purkinje cell spines in contact with parallel fiber terminals, as is the case for GluR␦2 in the adult rat cerebellum (Landsend et al., 1997) .
To clarify subsynaptic distribution of Delphilin, perpendicular and tangential synaptic localization were examined at parallel fiber-Purkinje cell synapses (Fig. 9 E, F ) . The quantitative analysis revealed a normal distribution of gold particles from presynapse to postsynapse, with the peak at 8 -16 nm postsynaptic from the midline of the synaptic cleft (Fig. 9E) . In the tangential distribution on the parallel fiber-Purkinje cell synapse, gold particles were deposited uniformly along the postsynaptic membrane decorated with the PSD, except for a marginal 20% with reduced labeling rate (Fig. 9F ) . The postsynaptic membrane outside the PSD was associated with very low immunogold labeling (Fig. 9F ) . Therefore, Delphilin is localized at the postsynaptic junction site of the parallel fiber-Purkinje cell synapse.
DISCUSSION
In this paper, we report a novel protein, Delphilin, that interacts with GluR␦2 subunit and contains multiple putative proteinprotein interaction motifs, a single PDZ domain, and FH domains FH1 and FH2, followed by coiled-coil structure (Figs. 1, 2 ). Delphilin appears to be a good candidate as a postsynaptic scaffold protein that links GluR␦2 with multiple signaling molecules, including actin cytoskeleton.
Delphilin colocalization and interaction with GluR␦2
The GluR␦2 subunit is the indispensable molecule for cerebellar LTD and for proper development of both parallel fiber-and climbing fiber-Purkinje cell synapses (Kashiwabuchi et al., 1995) . The GluR␦2 subunit is distributed more widely in Purkinje cells early in development, but it is selectively localized in the parallel fiber-Purkinje cell synapses in the adult. Delphilin, which interacts with the GluR␦2 protein via its PDZ domain, was distributed predominantly to the cerebellar molecular layer and was colocalized with GluR␦2 at the postsynaptic site of parallel fiber-Purkinje cell synapses (Figs. 6, 8, 9) , the locus of LTD expression (Linden and Connor, 1995) . Moreover, perpendicular and tangential subsynaptic localizations at parallel fiber synapses are quite similar to those of GluR␦2 (Landsend et al., 1997) . Biochemically, Delphilin was localized almost exclusively in the insoluble synaptosomal membrane fraction (Fig. 7) or in the PSD (Fig. 9) , like several PDZ domain-containing proteins involved in neurotransmitter receptor targeting, clustering, and signaling (for review, see Kornau et al., 1997; Sheng and Wyszynski, 1997; Craven and Bredt, 1998; Sheng and Pak, 1999) . The colocalization of Delphilin with GluR␦2 in the postsynaptic membrane supports anatomically their interaction at given synapses. Furthermore, the interaction between Delphlin and GluR␦2 seems to be highly specific, because the Delphilin PDZ domain showed little, if any, interaction with the C terminus of GluR␦1, which has four C-terminal aa residues completely identical to those of GluR␦2 (Table 1, Fig. 3 ).
Quite recently it has been reported that PSD-93 (Roche et al., 1999) and PTPMEG (Hironaka et al., 2000) interact with the C terminus of the GluR␦2 subunit. Against our expectation, PDZ domains of PSD-93 and PTPMEG are not homologous to that of Delphilin, even in the carboxylated-loop region, which is known to directly associate with the C terminus of the target protein.
The C terminus of GluR␦2 is essential for interaction with PDZ proteins such as Delphilin (Table 1, Figs. 3, 4) , PTPMEG (Hironaka et al., 2000) , and PSD-93 (Roche et al., 1999) but was dispensable for the plasma membrane targeting in MDCK (Matsuda and Mishina, 2000) and HEK293T (this study) cells. Very recently, it has been reported that PSD-93 knock-out mice reveal that PSD-93 is not required for development or function of parallel fiber synapses in cerebellum (McGee et al., 2001) . In contrast to PSD-93, which is broadly distributed in the brain (Aoki et al., 2001) , Delphilin was highly concentrated in the Purkinje cells, especially at the postsynpatic site of parallel fiberPurkinje cell synapses, where it resided with GluR␦2. Precise studies of developmental changes in expression and distribution of Delphilin, PSD-93, PTPMEG, and GluR␦2 in Purkinje cells, and also studies comparing the interacting profiles, such as binding affinity, of GluR␦2 to these proteins may provide clues to help discriminate the role difference among these three GluR␦2-interacting PDZ proteins in the GluR␦2 function or signaling.
Possible implications of Delphilin protein-protein interaction motifs
Recent works demonstrated that multiplicity of the PDZ domain of scaffolding proteins has been considered to be important for receptor clustering (for review, see Gomperts, 1996) . On the other hand, a protein interacting with C kinase 1 (PICK1), which contains a single PDZ domain and a coiled-coil structure (Staudinger et al., 1995) just like Delphilin, has been shown to bind and cluster AMPA receptor subunits (Xia et al., 1999) . In this case, the coiled-coil structure serves as a protein multimerization motif (for review, see Adamson et al., 1993; Blake et al., 1995) . Delphilin may multimerize via its coiled-coil structure to function as a molecule involved in the GluR␦2 function or signaling.
We further demonstrated that Delphilin, through its FH1 proline-rich domain, interacted with profilins I and II and the SH3 domain of n-Src protein tyrosine kinase (PTK) in a yeast two-hybrid system (Table 2 ) and surface plasmon resonance analyses (Fig. 5) . FH proteins, proteins containing FH domains (Castrillon and Wasserman, 1994) , have been implicated in cytokinesis and the establishment of cell polarity in yeast and limb formation in vertebrates (for review, see Frazier and Field, 1997) . Although the function of the FH2 domain is unknown, the FH1 proline-rich domains of these proteins have been shown to directly interact with profilin . Profilin is a small actin monomer binding protein, facilitating actin multimerization, and is considered as a key molecule that mediates between signal transduction and the actin cytoskeleton (for review, see Machesky and Pollard, 1993; Schlüter et al., 1997) . We could speculate that through the FH1 domain, Delphilin directly regulates the PSD-actin cytoskeleton reorganization.
The FH1 proline-rich domain is also known to interact with the WW/WWP and SH3 domains of various proteins (Chan et al., 1996) . Our data demonstrating the interaction of the Delphilin FH1 domain with the SH3 domain of n-Src PTK in yeast cells (Table 1) raised a possibility that Delphilin may contribute to signal transduction by modulating the signaling pathway involving Src PTKs. A recent work by Hayashi et al. (1999) showed involvement of Lyn, a PTK, in the AMPA receptor-mediated signal transduction leading to synaptic plasticity (Lo, 1995; Thoenen, 1995) . Furthermore, Boxall et al. (1996) demonstrated that PTK activity is necessary for the LTD at the parallel fiberPurkinje cell synapse in the cerebellum. Taking these works into consideration, Delphilin might be involved in the formation of the cerebellar LTD by transducing stimuli from GluR␦2 to the n-Src PTK signaling pathway.
Conclusions
We identified a novel PDZ protein that synaptically (at the postsynpatic site of parallel fiber-cerebellar Purkinje cell synpases) colocalizes with and interacts with the GluR␦2 subunit. The protein, designated Delphilin, has FH domains in addition to a PDZ domain. As far as we know, this is the first reported protein that contains both PDZ and FH domains. Delphilin may directly connect GluR␦2 via its FH1 domain both to actin cytoskeleton and to various signaling molecules containing SH3 domains or WW/WWP domains. Thus, although the ligand of the GluR␦2 protein is still unknown, the discovery of Delphilin should help us to understand the GluR␦2 function and the induction mechanism of cerebellar LTD.
